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Expevimem&at seémup
Volumwmekbric measurements
Spacewresc-tved measurements

Modeling and discussion
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Some ques&mv\sw

v Does exist an “ECRIS fine structure” with respect to magnetic
fleld and RF {requ&mav tuning?

D. Mascali et al., Rev. Sci. Instrum. 2014

X 10
14.5017 smooth

35 Intensity of the Argon

fluorescence X-radiation

S—

O. Tarvainen et al. Plasma Sour. Sci. Tech. 2014
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Evidences of plasma
- - . - - 1+
tnskabilikties when tuning B

Y3 a2 134 136 138 14 142 144 146
Microwaves frequency [GHz]

Evidences of strong fluctuations with the RF
frequency correlated to X-ray emission
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Some qu@;s%wmsm

» Does exist an INTERPLAY bebween the Pl&sma skruckure and

the beam shape, brightness, emittance? e —

f:14.360 GHz f:14.365 GHz f:14.370 GHz

23.9 pA 24.6 pA

f:14.375 GHz f:14.380 GHz f:14.385 GHz
. 24.2 yA

f:14.390 GHz

D. Nicolosi et al. This conference L. Celona et al., Rev. Sci. Instrum. 2008

» Does the plasma distribuke uv\bformij?

rv- ——

* Are electrons of different energy domains merged each othe
or not?
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Nown-inkrusive piasma
diagnostics methods

A A A A A 1
RF IR Visible & UV EUV Soft-Xray Hard-Xray

'ﬁ
I

| (3kHz-300 | (300 (1,6-12 eV) (10-120 eV) (0,12-12 keVv) | (10-100 keV)
|  GHz) ¥ GHz-430 ¥ v v v v

! THz) Optical plasma X-ray Pinhole C
Observation Imaging & 2D-
Spectroscopy 1D/2D Spectroscopy
density-temp. 2D energy distribution
measurement (relative) density

\ Microwave Interferometery measuring plaSma density /

—

Measurivgj the plasma dehsi& in different energy
== regimes: density, temperature’and plasma structure
2 evaluation under different operative parameters
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Exploring plasma structure: pionereeing
experiment in Atomiki-Debrecen (2002-03)

— 1
mmm 10 . End-cap X-rays
100 BXiachonihota (Bremsstrahlung & Al)
w1000
v ’
3 -
\ !
| -
\ ‘1; )
| Plasma at optical inspection Plasma at X-ray inspection
!

Ar-Xe plasma  Plasma chamber wall (Fe)

R —

* Full-size images (LCI plasmas) show the spatial placement of
different X-ray sources (energetic electrons hit the chamber wall,
plasma lons)
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Bl atomui. 128
Experimental setup for snmu&av\ecz-us
measurement of density, temperature and CSD

— —

» _Rlasma chamber
Hnﬁe detector ‘
, SDD detector
or CCD camera
i
kapton foil 8 vm thick
P Fa.radi\c Cup.

v Three detectors were used for a broad characterization of the EEDF:

$ HFGQ ﬂfor “hot eleckrons” £>30 keV

¥ SDD for “warm electrons” 2<£<30 keV

&

CCD camera for imaging and 2D resolved spectroscopy 1<E<10kEY




HpGe detector

s

SPD - S@.&u,p

Plasma chamber

N
- .
SDD detector
N

Bending
magnet

or CCD camera

Faraday cup

Bulk lead 155 mm long ¢

drilled collimator for
near axis inspection

P

155 mm long
collimator

diameter =1 mm
8 um Kapton foil

International Conferencej o ,‘
n lon Sources - : '

(o] o = I ) —_— - o o, UE AR Ak e A Ay e N R - R T e s e 5y
August 2328, 2015 ) s S s S et SO 2 Q St ios AR SIS S SR Rel L DR MR SR
New York Cit 25 - - . o ] v, }X.“‘"‘ “::&'. :
" . s RS SO -
L g - 3 S oA - - -~ = A R R - - A S ARSI RTE R A i AR oS

T
g, S <

d=
=
©
=




SDD - Daka Anatvs&s

ST

Analysis procedure consists in evaluating the Experimental

Emissivity after g, calculation, that must be then compared to

the Theoretical Emissivity by fitting procedure.

Exp. Emissivity

N (hv)

J(hv)=hv

4

Egt

AEV Q

Tot

Jy (V)= NN,

2

Plasma density

4a

6m,

]

U
kT‘Mw

(~hv{kTyg, )

e

Plasma temperature



SPD/ HPG@. - Paramelbers sch:

Freq. [GHz]
12,8 30W 3,50E-06 mbar
12,84
ii'gg 10 kV (beam ON) Argon
12,96 Argon+0Oxygen
13
13,04 18009’/?»6 eeaacchh
13,08 60% each
1412
13,16
13,2 Observation of spectral density and temperature
13,24 variation in the low/high energy part of the spectrum
13,28 (warm electrons 1<E<30 keV: hot electrons 50<E<300
13,32 keV) versus RF frequency, coils setup (high/low mirror
13,36 ratio), gas mixing.
13,4 Observation of the plasma structure by CCD based -

pin-hole camera
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w={=Ar4+ current [uA)

sswes DD counts/s

12,7 12,8 12,9 13 13,1 13,2 133

134

13,5

600

500

400

300

200

100

‘ (S‘D‘b) ErE sf:u,civ

Strong correlation
among:

(L) Ara+ current,
(i) SDD counts/sec, and
(iit) em. modal densit
distribution
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128 13 132
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13.4

13.¢

R —

¢ Warm eleckron densik
range 2.8 - §.6:101° m™?

¥ Warm el, temperature i
range 13-22 keV
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CCD camera S@.E--up

Plasma chamber Object (plasma)

ECR ’
L v ,.% SDD detector

or CCD camera

Image

Pinhole

HpGe detector

Bending
magnet

Wl

Model Andor Technology - Newton

Faraday cup | -
j Sensor size 27.6 mm x 6.9 mm
Pixels 1024 x 255 (0.3 MP)
Energy Resolution 150 eV
Energy range 1-10 keV
Magnification 0.082-0.124-0.158

Pin-hole diameters 75 um and 100 um (W and Pb)

For more details see
R. Rach et al. ThuPS09

Aluminum Window
§60rces
2t8, 2015
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ROI 3+ROI 4+ROI 5=
Plasma Regions

erav imaging

ROI 2= Hole

|

| ROI 1=
Magnetic Pole

X-ray imaging: single frame
acquisition, up to 30-40 sec,

needed, no energy information;

Photon Counting mode: from 1075
to 0.3 sec,, dﬁpéhdihﬁ on the ROI.
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Plasma at optical inspection

¥ A Stainl-Steel grid was
Fymted ab injection edpi.&&e
allowing Fiasma iv\spet‘:&ov\

$ Spatial resolution is high
enough to find the mesh in X-
ray tmaqes



A uma
X*rav imaging dtomki. i

crop on the whole plasma - log scale crop on the whole plasma - log scale

- log scale
150 EO

100 [N

50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300

crop on the whole plasma log scale crop on the whole plasma - log scale

150

50 100 150 200 250 300

0 600

! 12,84 GHz e From a 32»\@.\'&1. inspection of the

35 00 ickures, ik is clearly visible the

© structure of the plasma:

) 400

& ¥  the hole in the near axis region

20 300

15 12,92 GHz ¥  the branches due to the eleckrons

13,24 GHz 200 escaping from the confinement

10 = prds current [uAj o

P 100 ¥ he ho& spo&s due to Lost eLecErOV\s
counts/s pro ducing remss&mhtu&xa radiakion

0 0 hen meuhgang on the chamber walls.

12,7 12,8 12,5 13 131 13,2 133 134 13,5
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X*raj imaging

RF power [W Coils (inj/mid/ext] jas press R L o  ,.' \ o
30 100% each 33006 N ‘5'-, , ‘
Acquisition Time 15 sec  Gas: Argon B Rough evaluakion of
o X-ray E.C/RO
1,40E+07 - v ’
y 10T - S where the energy content is
€ 1,006+07 - - :
3 Extacton o n-ph.el=tlux X energy.
O 8,00E+06 - Plasma Regions
1]
§ 6,00E+06 - =®-Both Magnetic Poles III——— e ——
4,00E+06
s : ' ' = 22 — —_— 1.6¢+7 2.10¢+5 =
12,8 12,9 13 13,1 13,2 :
Frequency [GHz] R l.det7 2.08¢+5 ‘é
D “ - o
| 2.0 12647 2" | 2.06e+S -
O 1.0c+7 & -
T 1.9 = | 2.0d4e+s 9
v 8.0e+6 § o 2
C(xje .4') 8 1 2.02e+5
rIRAP"Cﬂd was used s 6.0et6 O e s
—_
- v l-' 1 » | 2““&"5
bo investigate the number of . 4.0ct6 z
Losk 1.6 +—— ————— + 2.0¢+6 1.98¢+5 =
st electrons vs. fmquehcw 12.80 12.90 13.00 13.10 13.20 L

comparing them bo exp. results Frequency (GHz) o Gt o)

O Nofloste (pole)
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Plasma tnspection by energy {ul&em&xg

Selection of fluorescence lines for the extrapolation of the various elements
displacement into the plasma = selection of the lines

400}
_ 250/
oo | 350 - ) =
450l 300} 200+ :
“T 7 260/ - . -
350 + 2 . S
200 7 &
300- 3 100} -
;g 250 150} .
S 50| S5
200 100 :
!

0 L - f“:

50 0 | & S

ool | ) ' Energia [keV] ‘ a8
0 -

1 0 5 ‘ R
= M \ | Energia [keV] ff

0 5 10 15 20 25 20
Energia [keV]
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Plasma inspection after energy filkering
12.84 GHz - distribution at different energies

(equalized pseudocolor maps)
E<1.5 kel/q__

2.5<E<3.5 keV - Arions

1. 5<E<2 5 keV '

more ions in
off-pole regions

50 100 150 200 250 300 : 50 100 150 200 250 _::360
structures m
the “arms”
3.5<E<6.5 keV E>6.5 keV

hot electrons i 1mpmﬁ in
small spots on wa

100 - 3 100
150 -5 A & R 150

200 200

250 250

200 250 300

J 100 150 50 100 150 200 250 300
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Plasma inspection after energy '{"L&QYLMQ
12.92 GHz - distribution at different energies

(equalized pseudocolor maps)

2.5<E<3.5 keV - Ar ions

—_—

E<1.5 keV 1.5<E<2.5 keV

50

100

150

200

250

50 100 150 200 250 300

E>6.5 keV

< International Conferencej

© on lon Sources h
August 23-28, 2015 i
New York Cit:




i atombi 1
lasma inspection after energy ht&ernng

13.24 GHz - distribution at different energies

(equalized pseudocolor maps)

1.5<E<2.5 keV 2.5<E<3.5 keV - Ar ions

SO
100 100

150 e e 150

200 5 200
250 o5 256
S0 100 150 200 250 300 100 150

E>6.5 keV Whole plasma

)

100 100 100

150 150 150

200 IR 200 200

0 : 250 250
50 100 150 200 250 300 S0 S0 100 150
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il dtomki
Analysis of plasma mor[akatapgg -

~ — 2.8<E<3.5 keV -
Arions - 13.24 GHz horizontal profiles - 13.24 GHz ?.— ﬂ

A
500 Al A
| h1/ '1Ii? e 1,{“"\
| 20 [ Ry o] U
| 400 I Iq," 1|1‘ '|| || ilk
I ¥ |
| 100 | rt 'l..‘ | |
300 lﬁh2 gl
|
200 100 ||| / \
"Il'l' .ll
250 : 0 |y _ -
100 200 300 100 200 300
* A more detailed analysis of Ar distribution through 1D "

profiles

¥ 2+2 horizontal/vertical Fra{iies

e T IR

& "-,.\és,cée_pte of “hollow plasma” with axial density

¥ Very qood spatial resolution (Froﬁies show gqrid-
e.ie.x\e.hf:s
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il atomui. =l
Av\atjsis onf ptasma morphomg-v

B — 2.8<E<3.5keV *
Arions - 13.24 GHz ’.— - ‘*

a0

100

150

200

250 -
100 200 300

vertical profiles - 13.24 GHz

. I" T I'
II | d |L'."L h *wl Il_l

IGICTAN
! | kY
300 | l'"l
V2| l||‘71
200 | | L

100}
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gl Alomki
Analysis of plasma mor[vhomg—j -

- — 2.8<E<3.5keV 1
Arions - 13.24 GHz ’., . ‘*

100

150

Pole depletion

200
!

250
100 200 300 i
\

50 ) : B
: N
¥ Azimubhal profile WA
’ F 40 III l)..j EI-J 'l_.‘l '1|§ |r1|§ / ||
, EV
¢ Asivamelbric ptasma 30 | WY o
¥ Magnetic brench depletion
0 A . : . . . L_._ -

6 g 10
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Analysis of shape foactors

— 1284}
— 1292
—13.24|

horizonkal
profiles

¥ SHAPE FACTOR:

reqgardless from
absolute intensity, the
“hollow type” prw}fite is
affected gv the RF freq.

azinmuthal
profiles

¢ depte&i,m\ i “poles”
regi,oms also varies wikth
RF frequency



Analysis of plasma morphology

p—————

13.3

-@- hole counts )%
-} tot counts S

* [(Ar4+)

s SDC')‘_

A -<qg>

esk number

&
. 1 ) -
| 30.8F H %
| ®, PN '
S0.4 I —
0.2 . S
0 : , : . . :
. 12.8 12.9 13 13.1 13.2
Freq. (GHz)
¥ Relative (ko 1.4 Hz) comparisons:
Despite 13.24 GHz has the high
of counts in the full-frame imaqe, but its
“near-axis” cie.hsi;bj is Llower thawn 12.54
&rHz case
&

Skrick inkerplay bebween kokal dehsi,&v and -
especially - ednecenkraktion in near axis

region cémes out,
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50
00
50 [

00

50 i3
200 300

100

R —
full Ar-lines image

integration

collimator

8 um Kapton foil

“LONG” collimator

X-rays along the SDD sightline
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Fabia Ny

Comparison with self-consistent simulations

dv ( - i E
, [PS+F><[? ,f F]

Solving the time-dependent Vlasov dt  mo ©
equation, including single particle collisions f Collisions by Langevin method [jointly
_ . = A.Galata LNL] ==
() O - - O —~ ' B —
-f PR P (E+lx )‘v,,fn:() |{
ot m, c

Step-by-step current

" Calculation of

Step-by-step plasma Maxwell
density equations

with fix,v)

: . | OF T o= cf L A
VxB —" { Lﬁ,,c/,,:/ U fodid 4 =
cot ¢ < - € Evolution of
. e e = - - ! mm
. | 0B ar
V x I L2
c ot
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HULA Narens

— —

Solution of Maxwell’s

. equations in COMSOL tensor for the magnetized
| using MUMPS direct plasma computed in
ﬂ solver MATLAB
Electromagnetic
F field in ECRIS
Plasma

Full anisotropic dielectric

Full-3D non homogeneous dielectric permittivity
Tensor depends on local density and B-field
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Comparison with self-consistent simulations

w?

VxVxE—-=—5% E=0

2

Wave equation with tensorial
permittivity

"2

G

A,

-

is reduced in proximity of
the ECR surface,
accounting for resonance.

Full-wave solution of the
electromagnetic fieldss
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Searching self-consistency

Freq. dom. solution step Particle Tracking Freq. dom. solution step Particle Tracking
0 step 1 i step 2
(vacuum cavity) (vacuum field (70% density from (70% vacuum field +
+plasmoid-halo initial plasmoid halo model 30% step-1 full-wave
density distr.) +30% step-1 density calculated field)
structure)
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il atomii 18
Plasma shape at different energy domains

30 12 ¥4 GHZ.I

N Cold Electrons
E<1 keV

concentration in the near axis region

-0.005

-0.01

-0.015

-0.02

0025750 02 -0.01 0 0.01 0.02

Warm electrons
2 keV<E<30 keV
bright annulus with intense spots in off-
pole region

20002 -0.01 0 0.01 0.02

x 10°
ol
-0.005} Hot electrons
-0.01} E>30 keV
oorsl broad annulus well inside the resonance
layer

-0.02+

\ 0.025—755 001 0 0.01 0.02
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B atomu 12

EamParisah to self-consistent simulations
1292 GHz

Experimental result Ar-fluor. 3 keV Simulations - warm electrons at 2<E<30 keV

&

8

Argon lons occupy fo\rmfrom-xutes positions: from comparison
to simulations if €omes oubt there warm eleckrons (havi cP

enough energy for itonisation and excitation) are place

Next sktep: comparison ot bwo frequencies
P P 9
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INFN

MU Narens

O Faka Nudlear

Comparison to self-consistent simulations
12,4 + 1292 GHz

12.92 GHz 12.84 GHz
3 warm-electrons a warm-electrons ]

100 100

- 120

150 150

200 200

250

w
S

S

w

O

o)

T

O i e ¥
O i
P

O

o)

o

o)

S

m

1.92 Hz 200 250 200 250 500 550 60l 12.84 GHz
Ar fluor. lines

Ar fluor. lines
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Comparison to self-consistent simulations
12. ¥4 GHz

cold-electrons warm electrons

Ny

0.03 warm electrons

/

'5
3
x 10
0
0.02
0 -5
-0.02
1 | [ [ T
Simulations 00f 0005 0 -0.005 -0.01

e .
S0 100 150 200 250 300
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Comparison to setfmﬁmmsns&evx% szmuta&m%s

12. %4 +

0.03 -

0.02 -

0.01 -

0

-0.01 -

-0.02

-0.03 -

0.01

0 0
Simulations -0.0‘|-5

12.84 GHz
cold & warm electrons
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cold-electrons

warm electrons
have different
morphology

\o.oz.:

>

-"'
.‘/ g

1292 (+Hz

0.03 -

0.01 -
0-.
-0.01
/
'002 ~J

-0.03 -

12.92 GHz
cold & warm electrons



Achievemenks and ?erspea&ives

¢ We are now able ko see what happems ko the plaswa and
to model Ehrough numerical simulations how it could be
happen differently (and in a better way)

£ Microwave absorption orienked design is needed: Power
deposition into the plasma must be performed in a highly

conkrolled way '

Some ideas

* STILL IN ECR-heating paradigm: are cylindrical shapes
of the plasma chamber still mandatory ?

* OVERCOMING ECR-heating paradigm: oh-purpose desigh
of microwave Launchers for tner plasma modal
CONVErsLon




Modal Conversion for overdense
plasma production

L
w./w

X
X )0

(l)c resonance
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-
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-
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X-BW @ =

conversion

......................... O N e SRttt LS
(s

R Strong BW ;:‘:l dmagnetlc
absorption at the
L second cyclotron

@ X harmonic.
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Mechawnical lmptemem&a&om at LNS

A new setup developed at LNS for
fundamental studies: RF launcher |
construction is ongoing | |
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Bt atowu. 1l

“Miﬁrowavewabsorp%wvxmmriemﬁed” desigin

Launcher by “two-waveguides-array”: lobe tilt by phase
shift for obtimizing oblique coupling of O-modes -->
modal conversion

o A il
L nunnn

e-field (F=14) [1[1,0]+2[1,0],[15.2]] (peak)

Cutplane normal:  1,0,0
Cutplane position: 0
Component: Ab:
2D Maximum: 4977

676
403

27
‘ ‘ 136
MALIL;—‘— 36.9
W nuNnun s

N
!‘.——‘b*‘:
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Mechawnical lmpt&me%&aﬁmm at LNS

Phased waveguide array of two elements

Custom 2
Flex. Waveguide array

Phase Twists

Power | |Shifter (I
Divider
]

ALETOWAVE
Launcher:
pro pasec’x se&u[o

MW component procurement completed

Custom 2
Flex. Waveguide array

Power | | Phase Twists
Divider | [ Shifter

f TWT ampl. 13.76-14.5 GHz

Power divider
¥ Phase shifters

flexible wavequides
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Beam diagnostics

SRS S S SR
H+ formation

in MDIS

}
Protons creation events . |

Charge breeding process |

0.036

0.018 St . \\~.__.<’f, .
> f:14.360 GHz f:14.365 GHz f:14.370 GHz . s e
(1] = e | 23.9 pA 24.6 pA _ 24.5 pA
2018 S R I T,
resONance [~ . - - eEnERER st £
A.036 =
.14 AL 105 D07 0,035 0 0.035 0,07 0,105 014

f:14.375 GHz f:14.380 GHz f:14.385 GHz
24.2 uA

z |mj

A. Galata et al. ThuMO08

f:14.390 GHz

wave-plasma
interaction

L. Neri et al. TuePE11

D. Nicolosi et al. MonPE21

270Kz | || pin-hole |
Several efforts in camera setup |

diagnostics and

e modelling Eg
T ek e 1. 1 |%

—— — <
G. Castro et al. TuePEO5 |

20 40 60 80 100 120 140 160 180 200
Z (mm) L

TR —
R. Rach et al. ThuPS09

THANK Y0U
FOR YOUR
ATTENTION!

G. Torrisi et al. TuePS27
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Boosting pt&sma d@.&r\siﬁv A a Twoﬂ?umpiy\gmwave

. Scenario
B-field

density

—————
””””
-~

Start with one frequency in
order to establish a proper
denstty Frof:‘.,te

—"’
-
-

~
il T

Launch a second wave for
modal conversion and second

harmownic hea&ihg

¢  the wmodal conversion is a
density-magnetic field

Fra&i&s dependent process

¥ > mastering plasma structure is mandatory for conversion
mp%imisaﬁam



Mastering of »pto\sma density structure

cutoffs and res. along x

b, o
-
L
-
LI
kLA
=
L.

— e,

—ECR
—UHR

— — Rcutoﬁ

‘—"-'-_-—\
) _Lcutoﬁ
A~ 2nd harmonic
Cut-offs and resonances

é i
A . ! $ $ L 1 b = s ‘:
23 0 0.05 0.1 0.15 0.2 0.25 in 3D view e
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atomki. =8
“MitrawavemabsorPRQM*Q\'&QM@A” desigin

__________________________________________ Paralleland perpendicular
e I e . launching of EMwaves

...........................

MA, + quiding + resonator
scheme

Full-wave calculation of
the electric field
distribution inside the new
Flexible Plasma T rap ak
INFN-LNS
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PRI =

;""Pi.ogsma EMSF?@-CROM after eneray fillering

The image is given bv the exposure time plus the CCD data
transfering across the Vertical registers (still active sensor). A
“strip” similar to well-known astronomical photigrphy drawbacies,
appeared. Post-processing eliminated most of the unwanted
counts i the photon counting images
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Plasma inspection bj enerqgy filkering

Photon Counting — each picture frame is a matrix of

pixels where single photons have impinged WAATLAR

1. Asingle photon can excites a group of pixels; : ‘\

2. Hence, the local maximum is a 9x9 pixels submatrix is searched - in
case of multi-maxima, the submatrix is not considered;

3. Each analysed frame is then summed to the others (>1000); r/
N

4. The counts frequency histogram is therefore retrieved, determining also
the overall 2D image.

E(eV)=n.of counts x E®"(eV) x sensitivity &

3.65 eV 1.3 Excellent energy resolution
137 eV@Fe-Ka




( HpGe detector

e

Bending
magnet

Faraday cup

New York Cit:
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SDD and HFG@. Se&wu[ﬂ

Plasma chamber

R

SDD detector
or CCD camera

HpGe - HeGe Detector (3000
mm?) active area for measuring

Counts

SDD - Silicon Drift Detector (SDD
- 80 mm? active area) for

measuring warm X-rays in the
2.5-30 keV domain.

25 mm* x 500 um

5.9 keV
**Fe
1 25 eV FVM. _

11.2 ps peaking time
100,000 CPS
P/B Ratio: 8200/1

Energy (keV)

hot X-rays in the energy
domain 30-400 keV
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12,84 GHz
p 45

120

100 | '
80 i 4
60 13.5
40 &
20
50 100 150 200
crop on the whole plasma - log scale

13.00 GHz
120 g :

100

80 o
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20
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— ———
X-ray Imaging
i

Preliminary results

v Magnification= 0,09
v Al-window= 6 um
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Xﬂray imaging

crop on the whole plasma - log scale

12.92 GHz

120

100

« a first rough

60 characterization

4° was done with a

’ low
magnification:

13.08 GHz

crop on the whole plasma - log scale

Regions of
Interest were
settled and the

set of frequencies

’ for investigating
By LY, A, 25 FTE was
oo m restricted to 12.84
13.16 GHz 12.92
0 45 13.24
100 .
. 5 ) Gigaherts
60 § 3.5
40
. N 3
20
| 25
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Mechawnical Imylememhﬁom at LNS

Parallel and Perpendicular access to the plasma chamber in order to operate in
double frequnecy/double heating mode: axial ---> ECR, radial ---> EBW-heating

l




